Light-driven proton pumps, such as proteorhodopsin, have been proposed as an energy source in the field of synthetic biology. Energy is required to power biochemical reactions within artificially created reaction compartments like proto-or nanocells, which are typically based on either lipid or polymer membranes. The insertion of membrane proteins into these membranes is delicate and quantitative studies comparing these two systems are needed. Here we present a detailed analysis of the formation of proteoliposomes and proteopolymersomes and the requirements for a successful reconstitution of the membrane protein proteorhodopsin. To this end, we apply design of experiments to provide a mathematical framework for the reconstitution process. Mathematical optimization identifies suitable reconstitution conditions for lipid and polymer membranes and the obtained data fits well to the predictions. Altogether, our approach provides experimental and modeling evidence for different reconstitution mechanisms depending on the membrane type which resulted in a surprisingly similar performance.
M
ethodologies from biology and engineering are combined in the bottom-up approach in synthetic biology 1, 2 , aiming at building a biological system with a desired functionality from the bottom by using dedicated building blocks. An example is the design and construction of artificial proto-cells, cell-like objects exhibiting fundamental functionalities 2 . Despite the low complexity of proto-cells, their design and implementation requires in-depth knowledge about cellular machineries and their assembly. This knowledge could ultimately lead to the development of synthetic systems not found in nature, which can be utilized for example in industrial production of biotechnological goods or pharmaceuticals 2, 3 . An important biomedical application of such synthetic systems is mimicking fundamental metabolic processes [3] [4] [5] . Within cells, reactions often occur inside specialized compartments, where membrane proteins mediate the transport of substrates and products 6 . The membrane protein forms a pore and allows passive diffusion up to a specific size. Larger and more complex molecules or gated processes, which only allow passage upon a certain criterion (e.g., voltage or molecular recognition), usually require a source of energy.
Building artificial proto-cells requires reconstitution of membrane proteins into the compartment's membrane to facilitate exchange of metabolites. Different approaches and techniques have evolved to reconstitute them into lipid membranes. The research resulted in an applicable framework for detergent mediated reconstitutions into liposomes which is still used in variations today 7, 8 . For reconstitutions into polymer membranes, which structurally resemble lipid membranes but are composed of amphiphilic polymers no such framework exists making the reconstitution of functional proteins challenging. Only brief guidelines have been proposed and the potentially very different interactions between polymers, detergents and proteins compared to lipid-based systems have not been studied in detail 9 , underlining the need for a detailed comparative study and formulation of a comprehensive framework 10 . Two highly important requirements need to be fulfilled to apply this concept in engineering: reproducibility and predictability. So far, the proposed approaches fail to satisfy at least one of these requirements. Design of experiments (DoE) is a method, which has emerged in the 1930s 11 . The underlying idea is to devise an experimental plan that samples a given parameter space optimally and thus keeps the number of experimental runs low and uses them efficiently. In contrast to the common one-factor-at-a-time method (OFAT or OVAT), which keeps factors constant and varies only one, DoE can identify interactions and requires fewer runs with the same precision in estimating the factors' effects. Subsequently, the whole parameter space is interpolated via linear model regression. The derived model can in turn be optimized to find experimental conditions that yield a predicted response.
Within the past two decades, block copolymers have emerged as a synthetic alternative to natural phospholipids as membrane building blocks 3, 12, 13 . These polymers assemble into similar structures as phospholipids, but they can have a much higher molecular weight, longer chainlength and therefore be more robust 3, 14 . The amphiphilic block copolymers are composed of a hydrophobic and one (AB-type, diblock) or two (ABA-type, triblock) hydrophilic blocks. Hence, similar to lipids block copolymers can self-assemble to form spherical particles, worm-like structures, hollow vesicles, and planar membrane 15, 16 . In contrast to lipids, polymers can be adjusted to meet specific needs: the membrane thickness, rigidity, and permeability can be controlled by tuning the block length and the hydrophilic to hydrophobic block ratio 3, 15 . Beside poly(butadiene)-block-poly(ethylene oxide) (PB-PEO) diblock copolymers, poly(2-methyloxazoline)-block-poly-(dimethysiloxane) (PMOXA-PDMS) diblock or poly(2-methyloxazoline)-block-poly-(dimethysiloxane)-block-poly(2-methyloxazoline) (PMOXA-PDMS-PMOXA) triblock copolymers are commonly used for self-assembly involving proteins or other biomolecules. Their low glass transition temperature and resulting flexibility, as well as lateral diffusion properties make them good candidates for the reconstitution of membrane proteins 3 . The combination of polymer membranes (based on e.g. PDMS-PMOXA, PB-PEO, or other polymer blocks 3 ) and the efficiency and selectivity of biological components such as enzymes and membrane proteins combines the "best of both worlds" and can be exploited towards building synthetic nanoscale devices 3 . Such molecular factories can be envisioned performing enzymatic production or degradation of specific compounds (antibiotics, etc.) or take over a desired functionality 17 . Examples described in the past decade were facilitated by the progress of structural biology and the derived methods for membrane protein reconstitution [18] [19] [20] [21] [22] [23] . Yet, in case of polymer systems progress was slower due to their lower prominence and commercial availability. Thus far, mainly robust membrane proteins have been used for reconstitution in polymer membranes and the goal to combine biological with synthetic parts from chemistry has only partly been achieved 3 .
More sophisticated systems require the presence of an energy source such as the generation and upkeep of proton gradients in addition to the reconstitution in the synthetic membrane. Bacteriorhodopsin (BR) and proteorhodopsin (PR) are wellknown for their ability to form proton gradients upon illumination [24] [25] [26] . BR has been extensively studied over the years, from solving its crystal structure to using it as a light-triggered conductor 22 . PR has a similar structure to BR but is more accessible to genetic engineering and can be easily expressed in Escherichia coli. Examples from possible modifications are the adjustment of its absorption wavelength, integration of a chemical on/off-switch and the attachment of a hydrophilic protein to guide the orientation during insertion into the membrane, which is crucial for its functionality [27] [28] [29] [30] .
In this work, we employ DoE to optimize reconstitution of a proteorhodopsin-green fluorescent protein fusion protein (PR-GFP) into liposomes and polymersomes. GFP guides the orientation during the insertion process into preformed vesicles due to its hydrophilic nature, which impedes passage through the hydrophobic part of the membrane 29 . Additionally, GFP's fluorescence enables detection of the protein in the resulting assemblies. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and PMOXA 17 -PDMS 65 -PMOXA 17 (ABA) are used as phospholipid or block copolymer building blocks 3, 31 , whereby DOPC serves as a benchmark and allows a direct comparison of the two systems. The proteovesicle formation under varying pH values, detergent (n-octyl-β-D-glucopyranoside, OG) and PR-GFP concentrations is investigated in a first step to identify factor combinations that yield uniform vesicles containing PR-GFP. Subsequently, PR-GFP's function is assessed. Based on the data obtained, the reconstitution is optimized for DOPC liposomes and ABA polymersomes to yield fully functional proteovesicles.
Results
Workflow and overview. Within this project, we used a definitive screening design (DSD) proposed recently by Jones and Nachtsheim 32, 33 , which focuses on efficiency and reduces the number of experimental trials. In contrast to the classical sequential approach (screening, effect estimation, and optimization), it is possible to apply a one-step screening and optimization to the process of interest (Fig. 1) . Additionally, the factors' significance was estimated via stepwise regression and only significant factors were kept in the model equations 33 . The factors lipid/polymer-toprotein ratio (LPR or PPR, w/w), detergent concentration (OG) and pH value were determined to be critical for a functional reconstitution of PR-GFP 7, 8 . The buffer composition and especially the salt concentration can have a strong impact on the vesicle formation and stability of the protein in solution, too high or too low concentrations would lead to agglomeration and lossof-protein during its reconstitution 34, 35 . Here, 150 mM KCl is used throughout the experiments which was determined to be suitable for PR-GFP 17, 29 . The size of the formed vesicles was determined via dynamic light scattering (DLS) and fluorescent correlation spectroscopy (FCS) and was used as one response. As FCS only detects objects associated with PR-GFP, we could potentially detect different vesicle populations. Evidence for a good correlation of sizes obtained by DLS/FCS and micrographs haven been presented for liposomes 36, 37 and PDMS-PMOXA polymersomes [38] [39] [40] [41] , even though direct methods like (cryo-)TEM are considered more precise. The polydispersity index (PdI), obtained from cumulants analysis, was utilized as a measure for homogeneity. In order to measure PR-GFP's proton pumping capability, we encapsulated the pH-responsive fluorescent dye pyranine and calculated the pH change over time during illumination via the change of fluorescence intensity 23 .
The screening was split in two steps and the corresponding experimental plans for each run can be found in Supplementary  Tables 1-3 . Assuming that the formation of a proton gradient should work best with PR-GFP reconstituted in large unilamellar vesicles, we investigated the vesicle formation via film rehydration in the presence of PR-GFP for DOPC and ABA 7, 42 . These results defined a parameter region, which fulfilled the predetermined criteria for size and homogeneity. In a second experimental run, this region of interest was investigated in more detail and the proton pumping activity was measured. Combining both datasets for the regression, a second-degree polynomial model in the form of
with y being a response, x a factor and β a coefficient, was derived for each response. The first sum represents all linear terms, the second all quadratic terms and the last sum the interaction terms. The multi-response optimization was carried out with the help of corresponding desirability functions 43 . We carried out an optimization toward maximum size, homogeneity, and proton pumping activity.
Formation of DOPC and ABA proteovesicles. In the first round of experiments, the OG concentration was varied between 0.5 and 2% and a clear tendency toward bigger sizes at detergent concentrations above 1% is observed in case of the proteoliposomes (Fig. 2a) . The observed sizes are well below the pore size of the last extrusion step (200 nm). This effect is pronounced at pH 6 and 8, as well as low LPR values. However, at pH 6 and LPR 80/0.05 mg/mL PR-GFP, the measured sizes diverge clearly (Fig. 2a) . The objects detected by FCS are in the range of 45 nm whereas DLS detects objects around 110 nm. A similar difference is seen at pH 6, LPR 135/0.03 mg/mL PR-GFP, as well as at pH 7, LPR 25/0.16 mg/mL PR-GFP and 80/0.05 mg/mL PR-GFP, albeit not as pronounced as at lower pH values. This indicates the presence of two populations and a tendency of PR-GFP to partition into smaller sized structures. Imaging the sample via transmission electron microscopy (TEM) confirmed the presence of two populations (Supplementary Figure 5) . Estimating the median number of PR-GFP per proteoliposome via FCS provides further evidence (Supplementary Figure 21 and Supplementary  Tables 14 and 15 ). At pH 6, LPR 80 and 0.5% OG, only a median value of 18 PRG-FP molecules (first quartile (Q1): 2/third quartile (Q3): 30) is detected whereas at pH 7, LPR 80 and 1.25% OG 32 PR-GFP molecules (Q1: 20/Q3: 54) are detected.
The proteopolymersomes' formation at various conditions is different from the liposomes (Fig. 2b) . First of all, the observed sizes are smaller, ranging from 30 to 100 nm. Second, we observed that the sizes determined by FCS and DLS disagree stronger compared to the liposomes (Fig. 2b) . At pH 6, 1.25% OG and PPR 135/0.03 mg/mL PR-GFP, FCS reports sizes of 51 ± 26 nm on average whereas DLS estimates 90 ± 11 nm. Similar to the observations made with the proteoliposomes, the results indicate two vesicle populations and the partitioning of PR-GFP into the smaller population. TEM shows an increase of small spherical objects as seen in Supplementary Figure 6 . It should be noted that the preparation method used in this work always lead to the formation of small micelle-like objects. However, in contrast to the proteoliposomes, the phenomenon is pronounced at medium to high detergent concentration (1.25% and 2% OG) and nearly disappears at pH 8, as can be seen at pH 8, PPR 25 and 1.25% OG. The number of PR-GFP molecules increases to 31 (Q1: 21/ Q3: 59), which is a threefold increase compared to the 11 PR-GFP molecules (Q1: 2/Q3: 46) detected at pH 6, 1.25% OG and PPR 135/0.03 mg/mL PR-GFP (Supplementary Figure 22) .
The PdI value was used as an indicator for the homogeneity of the vesicle populations. At low LPR values, acidic and basic 
ABA triblock polymer
Phospholipid PR-GFP Proteopolymersome Proteoliposome Fig. 1 Schematic visualization of the workflow using design of experiments to achieve a functional reconstitution. The assembly of phospholipids or triblock copolymers together with membrane proteins is an induced self-assembly process and the resulting structure depends on the starting conditions. A priori knowledge about the factors (e.g., buffer conditions, protein concentration, and membrane concentration) is usually lacking and optimal results cannot be achieved. Having two different membrane building blocks further increases complexity. (I) By using DoE and defining influential factors along with characteristic responses one can devise an experimental plan to investigate the systems behavior in resource-efficient way. (II) Here, the effect of the factors pH value, detergent concentration and membrane-to-protein ratio on the proteovesicles' characteristics size, homogeneity, and functionality was investigated. (III) The results were used to fit a model for detailed analysis of the process and subsequent optimization, which allowed to find optimal assembly conditions to yield the desired functional proteoliposomes and proteopolymersomes conditions, the proteoliposomes are more homogeneous ( Fig. 2a) . At neutral pH no clear trend can be observed. Contrary to the liposomes, the pH has a strong influence on the PdI of the proteopolymersomes ( Fig. 2b ). At pH 6, values range from 0.17 to 0.33 whereas at pH 8, it only slightly deviates around 0.17. The measurements from the second round of experiments (Supplementary Table 2 ) fit within the trends observed in the first round experiments (compare Fig. 2 and Supplementary Figures 8  and 9 ). The data for the size and the PdI were combined with the first set of experiments to increase the accuracy of the model (Supplementary Tables 4-7) . Moreover, we used the models derived from the first set of experiments to predict the outcome of the second one and to validate our approach. The size of PRGFPcontaining liposomes increases with higher amounts of OG at pH 6 and pH 8, whereas at pH 7 the size remains stable (Supplementary Figure 8) . A low LPR benefits the formation of larger proteoliposomes.
The trend that increasing pH values are beneficial for the formation of larger proteopolymersomes is further supported by additional data, including new pH values fitting into the new experimental boundaries (Supplementary Figure 9) . The largest proteopolymersomes containing PRGFP are obtained at a pH range from 7.25 to 8. Similarly, the new data points of the PdI measurement fit as anticipated ( Supplementary Figure 8 and 9) . A low LPR is beneficial for a low PdI when reconstituting PR-GFP into DOPC lipsomes. Across all measured pH values, the lowest PdI was obtained when a LPR of 25/0.16 mg/mL PR-GFP was used. Contrary to the proteoliposomes, the pH value has a bigger influence on the PdI of the proteopolymersomes, with the lowest values being present at pH >7 (Supplementary Figure 9) . The upcoming analysis of the model fitted to the data will offer some explanations for the observed phenomena.
Model analysis. A second-degree polynomial model (Equation 1) was fitted to the two datasets via forward stepwise regression, allowing a deeper analysis of the behavior of the two membrane systems (Fig. 3) . From a modeling perspective it should be noted that the variance is higher in case of the polymersomes and cannot be explained well by the model (compare Supplementary  Tables 8, 9 and 11, 12). The formation of proteopolymersomes under the tested conditions results in a higher variety of sizes that cannot be explained purely by batch-to-batch variations as the designated blocking variables in the model are mostly insignificant (blocking variables represent any non-controllable environmental condition which can have an influence on the experiment). Our approach to select a sub-region of the parameter space which yields well-formed vesicles (illustrated in Fig. 3 , see also Table 1 ) allowed us to verify predictions based on the models obtained in the first DSD. Comparing the overall means of the responses to the predictions (Supplementary Figure 18 ) results in no statistical significant difference. Looking at the two membrane systems it can be concluded that the formation of proteoliposomes and proteopolymersomes is different (Table 2) . Only one combination, namely pH 8, LPR 135/0.03 mg/mL and 0.5% OG, resulted in nearly identical results for lipid and polymer assemblies ( Supplementary Figures 1 and 3) . The only significant factor shared among all models for both membrane types is the LPR or PPR (Supplementary Tables 8-13 ). This is rather surprising as previous studies suggested that the detergent concentration would be the most influential factor during the protein reconstitution 7, 8 . Indeed, the size of the LPR/PPR coefficient is comparable to or higher than OG's (Supplementary  Tables 8 and 11). PR-GFP concentration (Supplementary Tables 1-3) plays an important role in all three responses, FCS, DLS, and PdI, for both membrane types and appears in linear and interaction terms, as described above and in Supplementary Figure 11 . Additionally, the detergent concentration appears to have the highest influence on the proteoliposome formation; whereas, the pH value alone does not. It is only significant for the description of the FCS data. The pH value naturally has an effect on proteins, which is reflected by highly significant interaction term pH*LPR (Supplementary Table 9 ). In case of the proteopolymersomes, the pH value has considerable more influence on the homogeneity of the vesicle population. This trend is verified further in the second DSD (Supplementary Table 12 , Supplementary Figures 2 and 4 ) and supports the assumption that polymer membranes are different from lipid membranes when used for protein reconstitution (see also Table 2 ). It should be assumed that the pH affects the polymer self-assembly or the pH value affects PR-GFP, which then in turn interacts with the polymer assembly. It was stated in literature that detergents do not interact in the same way with polymersomes as with liposomes 9 . The detergent micelles coexist with the vesicles up to a threshold limit and a further increase leads to dissolution of the polymer membranes 9 . This observation is supported by the data and results from this study and the role of the pH should move into the focus of research. The effect of the detergent concentration on the reconstitution of PR-GFP is interesting. As described in literature, the formation of proteoliposomes and successful reconstitution of membrane proteins into them is highly dependent on the type and amount of used detergent 8 . This is again reflected by the obtained model which includes LPR*OG interaction terms for the FCS' description. This mirrors the requirement of the correct amount of detergent necessary to destabilize the liposome membrane and allows transfer of the protein during detergent removal into it. However, this term is completely absent in case of the proteopolymersomes' models. Generally, OG terms are only significant in two (FCS and DLS) of three cases (Supplementary  Table 12 ).
Proton pumping. The formation of a proton gradient should depend on the number of pumps present, their orientation and their structural integrity 44 . Thus, the highest proton-pumping activity is expected to be found within the derived region yielding homogeneous, large proteovesicles. The measurement was based on the encapsulation of the pH-sensitive molecular probe pyranine. Its change of fluorescence intensity was used to calculate the internal change of pH ( Supplementary Figures 7 and 24 ) 23 .
The starting pH value of the samples was always 7.2, as described in Methods section. The highest decrease of 0.11 pH units was observed in proteoliposomes formed at pH 7 using 0.75% of OG and a LPR of 25/0.16 mg/mL PR-GFP (Fig. 4 and Supplementary Figure 10) . However, also the variance was highest using these conditions. Proteoliposomes formed at pH 6 resulted in more reproducible gradients of 0.08-0.09 pH units. Overall, the highest gradients formed were observed using a low LPR of 25/0.16 mg/mL PR-GFP and non-basic pH. The gradients formed within the proteopolymersomes were lower on average (Fig. 4 and Supplementary Figure 10) . A decrease of 0.04 pH units at pH 6.5, PPR 97.5/0.04 mg/mL PR-GFP and 0.5% OG was the lowest observed; whereas, the combination of pH 8, PPR 125/0.03 mg/ mL PR-GFP and 0.5% OG resulted in a decrease of 0.09 pH units.
In DOPC liposomes, the amplitude of the pH gradient is influenced by all three parameters during reconstitution (Supplementary Table 10 ). The lower the LPR (i.e., the more pumps are present), or the lower the detergent concentration, the higher the activity (Fig. 5a ). Furthermore, a near-neutral pH value in the range of 6.5-6.8 during reconstitution is beneficial for PR-GFP's activity. (Fig. 5a ). Looking at the contour of LPR and OG one can see a clear gradient towards the low factor settings (LPR 25-40, 0.75-1.2% OG, see Supplementary Figures 15-17) . A likely explanation is that in a low detergent regime, the vesicular structure remains largely intact, allowing a primarily oriented insertion of numerous proteins into the membrane 7 .
In terms of pH, the opposite behavior is observed in polymersomes (Fig. 5b) . A pH of 8 is suited best for alarge gradient amplitude. Similar to the DOPC liposomes, the OG concentration is suitable in the lower range. However, the PPR moves toward a lower number of proteins available for insertion (Fig. 5b) . Comparing the number of PR-GFP molecules detected by FCS after reconstitution with the starting LPR/PPR (Supplementary Figure 23) it is clearly visible that for Fig. 3 Contour plots. a The contour plot visualizes the proteolipsomes size, modeled from the first round of experiments depending on the LPR and OG concentration, whereas the pH value is fixed at 7. The color gradient indicates different sizes and shows a trend towards a region within the design space which yields homogeneous, large proteoliposomes (highlighted by the red box). b This region of interest applies to all three responses as shown in the stacked contour plots for both membrane types. Red boxes encompass the subregions of the design space which was subsequently screened for proteovesicles with functioning PR-GFP. Contour plots visualizing the responses' behavior for the other factor combinations can be found in the Supplementary Figures 12-15 proteoliposomes a decreasing LPR leads to more PR-GFP per vesicle. However, this seems not to be true for polymersomes, where the number of PR-GFP per vesicle remains largely constant and even an opposite trend can be observed. The similar amplitude of the proteopolymersomes' pH gradient (Fig. 4) with fewer pumps can be explained by a reduced back diffusion 3, 44, 45 . The permeability of protons through the PMOXA-PDMS-PMOXA membranes is lower and thus fewer pumps are necessary to achieve the same gradient 38, 46 . Contrary to earlier reports 47 , the thicker polymersome membrane does not seem to inhibit PR-GFP's functionality and lower gradient amplitudes are more likely to be attributed to lower amounts of PR-GFP present in the membrane. This underlines again the different mechanisms for lipid and polymer membranes resulting in a functional reconstitution, mainly the role of the detergent concentration and the pH (see Table 2 ).
Optimization. For the optimization, the gradient formation, the proteovesicle size and PdI were used as a target to reach large and uniform vesicles. The model equations 1-8 in the Supplementary Note 1 were used for the optimization process, which was carried by the use of desirability functions 43 . The optimization process is explained exemplarily for the proton gradient formation in the Supplementary Discussion and Supplementary Figure 19 .
The optimal conditions and their anticipated responses are summarized in Table 3 .
The optimization follows the observed trends discussed before: a slight acidic pH value of 6 in combination with a low LPR and medium-to-low amount of OG leads to the formation of highly homogeneous proteoliposomes which build-up a proton gradient upon illumination. These results are very similar to the conditions determined experimentally earlier 28, 29 . ABA triblock polymers follow a different route. The pH should be in the basic regime around 8 and the PPR at 112/0.04 mg/mL PR-GFP. A detergent concentration of 0.82% (w/v) is found to be optimal, which is higher compared to the DOPC system and surprising taking the observed negative effects of OG on the vesicle formation into account (Supplementary Figure 2) .
Verification. As a last step, the built up framework was put to a test. We used the derived optimal conditions to carry out the reconstitutions into DOPC and ABA membranes (Table 3) . Additionally, control reconstitutions were carried out under the same conditions but without PRGFP in order to confirm the measured response.
In both cases, proteoliposomes and proteopolymersomes, the measured pH gradient was much higher than expected from the predictions (Fig. 6) . In case of the proteoliposomes, 0.10 pH units were expected whereas the measurement resulted in 0.18 pH units (131 PR-GFP molecules (Q1: 110/Q3: 157)). Similarly, PRGFP's performance was higher in ABA membranes than expected, 0.12 pH units compared to the predicted 0.08 pH units (8 PR-GFP molecules (Q1: 7/Q3: 10)). It should be noted that the measured results are within the prediction interval, ranging from 0.04 to 0.19 pH units in case of the proteoliposomes and 0.03 till 0.17 pH units for the proteopolymersomes, even though the offset to the prediction is large. Vesicles not carrying PR-GFP have also shown a reaction toward illumination which was, however, either small (0.06 pH units, DOPC) or showing the opposite behavior (0.02 pH units, ABA). It should further be noted that looking at the kinetics in Supplementary Figure 20 the dynamic of the control is different compared to the actual samples. Similar behavior observed in literature is likely attributed to the fluctuations in the fluorescence signal due to residual pyranine on the exterior vesicle membrane 48, 49 .
In terms of size, the difference between prediction, control, and actual measurement are present; whereas, the proteoliposomes are smaller than expected, but within the prediction interval. However, the controls fall out of that range. Similar behavior is observed in case of the ABA proteopolymersomes, however their control FCS results are in good agreement with the predictions. For both membranes, the controls' PdI is much higher than expected and higher compared to PRGFP-containing vesicles.
Discussion
Although membrane protein reconstitutions have been carried out for decades, examples for their application for the design of synthetic devices are rare and usually of model-like simplicity 3 . The inherent complexity of this approach provides a demanding challenge. With our study, we provide a possible framework to this field, showing an example of a thoroughly designed approach. Design of experiments has proven to be an excellent scaffold, which can be used as a guide to optimize relevant factors impacting the reconstitution conditions, which are crucial to the formation of a functional system.
The easy accessibility of DoE allows detailed analysis and verified assumptions from literature and revealed new insights. Even though the models and results obtained via DoE are only The table summarizes the influence of the factors on the measured responses and is based on the significant coefficients in Supplementary Table 9 and 12 and on Supplementary Figure 11 . These limits create the boundaries for a sub-region of the parameter space that yields large uniform proteovesicles valid for their specific case, the high coherence of this work supports the claim that the underlying method can be applied to further systems with different membrane protein/detergent/ membrane combinations. More specifically, the created framework can be expanded with other membrane proteins, having different structures compared to the purely α-helical proteorhodopsin. As more complex membrane proteins usually require the use of milder detergents such as n-decyl-β-D-Maltopyranoside (DM) or n-dodecyl-β-D-Maltopyranoside (DDM), other factors could be easily integrated into the experimental design and data assessment process.
Our results support the assumption that PMOXA-PDMS-PMOXA block copolymer membranes require very different conditions for the reconstitution of PR-GFP and potentially other alpha-helical membrane proteins. Even low OG concentrations can be disadvantageous for the vesicle integrity and the pH value during formation and reconstitution has a larger influence than expected. Only the lipid/polymer-to-protein ratio is a shared factor among the two membrane types but less PR-GFP seems to be incorporated into polymersomes. However, our data indicate a similar pH gradient amplitude in the proteopolymersomes. A future study could investigate this phenomenon. It will be also interesting to apply our methodology to lipid/polymer hybrid systems and their use as platform for membrane proteins as the combined properties in terms of stability and biocompatibility would be beneficial [50] [51] [52] [53] . Most importantly, the potential optimization has been shown to yield functional proteovesicles composed of the lipid DOPC or an ABA block copolymer. The predictions were tested out for both systems and verified that DoE is an excellent approach to fulfill the above stated requirements of reproducibility and predictability. Thus, our framework allows access to two highly important characteristics of engineering: reproducibility and predictability. Our example shows the application of molecular engineering from protein design up to a mathematical model in order to achieve a functional product with the desired properties. Applying this methodology to further polymer (different block compositions, diblock copolymers) and lipid systems, as well as to other membrane proteins and detergent types, will potentially result in the realization of a library containing the necessary information about the interplay of these buildings blocks and the identification of general mechanisms and important factors governing the assembly of proto-cells.
Methods
Materials. All chemicals were provided by Sigma-Aldrich (Switzerland) if not stated otherwise. Experiments were carried out in triplicates and their standard deviation used to estimate the error if not stated otherwise. Lipids were supplied by Avanti Polar Lipids (USA) and were supplied as a powder, solubilized in chloroform and stored at −20°C. The used detergents were supplied by Affymetrix (USA).
Cultivation of Escherichia coli. The cultivation of E. coli and expression and purification of PR-GFP was done essentially as described before 28, 29 . E. coli carrying the PR-GFP containing pLEMO plasmid 29 (kindly provided by Prof. Daniel Müller, ETH Zürich) was grown in LB-Miller medium at 30°C and 180 rpm. An overnight culture was grown in the presence of 100 µg/mL ampicillin. The sterile medium was inoculated with 1% (v/v) of the overnight culture and 100 µg/mL ampicillin and 34 µg/mL chloramphenicol was added. The optical density (λ = 600 nm) was measured during growth and the expression triggered at a density of 0.8-1 via the addition of 0.1 mM β-D-1-thiogalactopyranoside (IPTG) and 5 μM all-trans-retinal. Subsequently, cells were incubated for additional 3 h, collected by centrifugation (3-18 K, Sigma) at 4000×g for 20 min and the supernatant removed. As a last step, the pellets were collected and suspended in 20 mM Tris-HCl, 100 mM NaCl, pH 7.4 and stored at −20°C until preparation of the membrane.
Membrane preparation. The frozen cells were thawed and subsequently lysed by using a French press (EmulsiFlex, Avestin), operated at 1500 bar. The resulting lysate was first centrifuged (3-18 K, Sigma) at 4000×g for 20 min in order to remove cell debris and then at 150,000×g for 1 h (Optima XE-90, Beckman Coulter) to isolate the membrane. The pellet was homogenized, washed with 20 mM Tris-HCl, 100 mM NaCl, 10% (w/v) glycerol, pH 7.4 two times, aliquoted to 1 mL and stored at −80°C until further use.
Purification. The isolation of PR out of its native membrane was carried out by using His-tag chromatography. The crude membrane fraction was solubilized in 7 mL buffer (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 10% (w/v) Glycerol) and 2.5% Cymal-5. The solution was protected from light and placed on an orbital shaker at room temperature overnight. On the next day, 1 mL Ni-NTA resin (Quiagen) was washed three times with the solubilization buffer and added to another 7 mL buffer with 30 mM imidazole resulting in a total volume of 15 mL. Subsequently, the suspension was placed in a an orbital shaker for 3 h to ensure complete binding to the resin. The suspension was transferred into spin-columns (Promega) and the flow-through was collected. 20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 30 mM imidazole, 10% (m/v) glycerol containing 0.4% Cymal-5 were used to wash the resin and the flow-through was collected again. In order to remove residual washing buffer, the spin- The optimization was based on the equations shown in Supplementary Note 1 concentrations were around 10-20 mg/mL. The purified PR-GFP was stored at 4°C and used within 3 days.
Vesicle preparation and reconstitution of PR-GFP. The vesicles were formed using a variation of the film rehydration method 28, 54 Tables 1-3 ). The final volume was 500 µL and the membrane concentration 4 mg/mL. If the vesicles were used for proton translocation measurements, 100 µM of pyranine was added. The solutions were stirred overnight at room temperature and protected from light. Subsequently, the vesicle preparation were homogenized by extrusion (11× times) through a polycarbonate membrane (200 nm, Nucleopore, Whatman). Now the necessary volume of PR-GFP was added according to the desired LPR/PPR (Supplementary Tables 1-3 ) and the proteinvesicle suspension stirred for 30-60 min. The dilution during the addition of PR-GFP to the reconstitution buffer lowers the concentration of CYMAL-5 by factor of 20 below the cmc (0.12%) and thus, the impact of residual Cymal-5 was considered negligible 55 . Afterwards the samples were transferred into dialysis tubes (15 kDa cutoff, Visking) and dialyzed against 20 mM KPi and 150 mM KCl for 48 h. The pH was the same as the sample pH value. Furthermore,~100 mg of SM-2 biobeads (Bio-Rad) were added to ensure a constant dialysis gradient 56 . After the dialysis was complete, the samples were again extruded with a 200 nm membrane to ensure a homogeneous solution, remove any formed aggregates and purified by eluting them through a G-25 MiniTrap size exclusion chromatography column (GE Healthcare), equilibrated with 20 mM potassium phosphate buffer, 150 mM KCl, pH 7.2. The final volume was 1 mL and the membrane concentration 2 mg/mL.
Dynamic light scattering. The samples were measured in a Zetaziser Nano (Malvern) at 25°C. A HeNe laser (λ = 633 nm) was uses as a light source. The samples were not diluted and allowed to equilibrate for 120 s.
Fluorescence correlation spectroscopy. The FCS measurements were performed as already described 40 . Briefly, an inverted microscope (Axiovert 200 M, Zeiss), equipped with a laser scanning microscopy module LSM 510 (Zeiss) and a ConfoCor2 (Zeiss) module was used. A 488 nm HeNe laser was focused into the 5 μL sample using a 488 nm dichroic mirror and a 40× water immersion objective. The emission beam was guided through a 70 μm pinhole and detected. The autocorrelation curve was fitted by using the equation
with τ D being the diffusion time, equivalent to the decay time of the autocorrelation curve. The equation
with D being the diffusion coefficient was used to calibrate ω, the radius of the confocal volume, by using the known fluorescent dye orgeon green 488 57 . Finally, the Stokes-Einstein equation
with T being the temperature (298 K), k B the Boltzmann constant and η the viscosity was used to calculate the hydrodynamic radius r. Measurements were performed in 10 s intervals and 30 repetitions. The number of PR-GFP molecules was determined by estimating the molecular brightness of a single PR-GFP molecule in 20 mM potassium phosphate buffer, 150 mM KCl, pH 7.2, and 0.4% Cymal-5 which resulted in 2.4 ± 0.19 counts per molecule (cpm). Dividing the vesicles' molecular brightness by PRGFP's one results in an estimate of the number of PR-GFP molecules per vesicle.
Proton pumping assay. To detect PR-GFP's ability to transport protons across a membrane when put under illumination we followed the well-established pyranine assay 23, 58 . The measurements were carried out in a fluorescence spectrometer (LS55, Perkin Elmer), illuminating the sample with an 100 W xenon lamp (Intralux 4100, Volpi), utilizing a fiber guide to place the beam directly over the sample. The wavelength was adjusted to 530 ± 10 nm by using a band-pass filter (Thorlabs). The samples were measured undiluted and in the dark for 30 min in order to equilibrate them. Afterwards the measurement was carried out under illumination, whereby the illumination was cycled between 50 s on and 10 s off. The fluorescence measurement was done during the off cycle to avoid interference. After the illumination measurement, the sample was measured for another 30 min in the dark to observe the re-equilibration of the fluorescence signal. The temperature was controlled at 20 ± 1°C. The measurement data from the first 30 min in the dark was used for a linear fit whose slope was used as a correction factor for the measurement in order to remove potential artifacts from pH drift. The fluorescence intensity data were normalized by using ΔF 460 =F 460 . In order to calculate the gradients' amplitude in pH units, we used a calibration curve (Supplementary Figure 24) .
Experimental design and data assessment. We followed the design proposed by Jones and Nachtsheim called definitive screening design which allows a one-step screening and optimization process 34, 35 . All experimental designs were created using the DoE module of the software JMP (SAS). The factors were chosen to be the pH value, the lipid-to-protein or polymer-to-protein ratio (LPR or PPR) and the OG concentration in % (w/v). Their high, middle and low settings can be found in Supplementary Tables 1 -3 . All designs were repeated three times in total to assess the variance. The data assessment were done by using the software R (Version 3.4) . The model equations were derived by using a stepwise forward regression variant which enforces effect heredity, thus higher order effects are only included together with their corresponding linear effect 59 . All possible models were fitted and the one with the highest adjusted R 2 was chosen. Blocking variables were used to take the possible batch-to-batch variation into account. The equations in Supplementary Note 1 were used for the optimization.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
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